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pathic complications such as atherosclerosis. The macrovas-
Endothelin (ET) peptides perform several physiological, vascu- cular complications are not diabetes specific but are more

lar, and nonvascular functions and are widely distributedinanum- - 1 ongunced in diabetes. Diabetic complications arise primarily
ber of tissues. They are altered in several disease processes includ:

ing diabetes. Alteration of ETs have been demonstrated in organs P€cause of hyperglycemia-induced metabolic changes leading
of chronic diabetic complications in both experimental and clini- to changes in the structural and functional properties of macro-

cal studies. The majority of the effects of ET alteration in diabetes mglecules [5, 6]. Recent advances have identified secondary fac-

are due to altered vascular function. Furthermore, ET antagonists tors that play k les in the devel t and . f
have been shown to prevent structural and functional changes in- ors that piay key roles in the development and progression o

duced by diabetes in animal models. This review discusses the con-these complications. Some of the factors that participate in the
tribution of ETs in the pathogenesis and the potential role of ET  pathogenesis of diabetic complications include protein kinase
antagonism in the treatment of chronic diabetic complications. C (PKC) activation, nonenzymatic glycation, oxidative stress,

i i o and alterations in growth factor and vasoactive factor expres-
Keywords Atherosclerosis; Cardiomyopathy; Diabetic Com-

plications: Endothelins: Nephropathy: I\leurop{my‘sion. Several of these factors may subsequently lead to further

Retinopathy endothelin (ET) activation in diabetic subjects.

Globally, diabetes is considered as a major threat to hum@?s AND THEIR RECEPTORS
health in the 21st century [1]. It is estimated that about 6% of the
North American population suffers from diabetes mellitus[2, 3]. .. S . i
gptldes cause vasodilation at lower concentrations and sus

Chronic diabetic complications constitute a group of diseases : . . .
ible f bstantial biditv and alit q " ained contraction at high concentrations. Three isoforms of ETs
sponsible or;u S an |_a mor I |yar1 mortailty, and preven IOen_ ist: ET-1, ET-2, and ET-3 [7]. These peptides are encoded by
of such complications is a key issue in the management of the gli-,. . . .
. . . . . distinct genes. The encoded precursor proteins are spliced by
abetes epidemic [1-4]. Therapeutic modalities for diabetes have ; . .
) . endopeptidases to produce big ETs. A group of proteins called

evolved a great deal. However, most people with this disorder

. . ._endothelin-converting enzymes (ECEs) then convert these big
go on to develop complications leading to damage to vario

. . . i | i S into mature ET peptides. Two ECEs have been cloned,
body tissues. These complications include diabetic retinopat pep

nephropathy. neuropathy. cardiomvopathy. and macroance Eland ECE2 [8, 9]. ECEL1 has 4 isoforms (ECEla—d) and is
phropathy, neuropathy, 'omyopathy, gr'nainly located on the cell surface, with the exception of ECE1b
T 4203 2002 44 June 2002 [10-13]. ECE1b and ECE2 have been localized intracellularly
eceive anuary ; accepte une . ; P ;
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Health Research. affinity for ET-1 and ET-2 but low affinity for ET-3 and is primar-
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schakrab@uwo.ca by increasing nitric oxide (NO) generation by endothelial cells

ETs are potent vasoactive factors. These 21-amino acid
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[15]. In some cells, ET receptors are coupled to voltage-gatiedel, several important intracellular molecules may regulate ET

calcium channels, while in others to the activation of phospho*RNA expression in health and disease [31-38]. Majority of the

lipase C. The vasoconstrictive property is due to calcium iET-related effects in the target organs of diabetic complications

crease in smooth muscle cells, which results from activation imfay be mediated via its effects on the vasculature. Nonvascular

phospholipase C and production of diacylglycerol and inositeffects of ETs in the pathogenesis of diabetic complications, al-

trisphosphate. The differential responsiveness of EECeptors though potentially ofimportance, have not been studied in detail.

to various agonists and antagonists suggests that subtypes dfagrammatic representation of the regulation of ET-1 mRNA

the receptor exist [16—24]. However, no conclusive study haspression and the mechanisms of ET actions on endothelial and

favored the postulate. Radioligand binding studies conductedsimooth muscle cells are outlined in Figure 1.

the late 1990s have contradicted the existence af &ibtypes

[25, 26]. This suggests that g Tesponsiveness to various stim-

ulators and inhibitors depends on the intrinsic properties of tMECHANISMS OF ET ALTERATION

ligands. However, similar studies on potencies of ET antagtN DIABETES

nists on EE receptor have suggested the existence of 2 receptorSeveral biochemical abnormalities secondary to hyper-

subtypes, Eg; and ETg; [23, 24, 27, 28]. glycemia may lead to ET alteration in the target organs of
Hypoxia and ischemia are 2 important conditions that maidjabetic complications. The metabolic pathways leading to ET

lead to ET up-regulation [29, 30]. However, at the moleculactivation include PKC activation, altered redox state, as well as
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FIGURE 1
Vasoactivity of endothelins (ETs). Various stimulators and inhibitors regulate transcription of ETs. The precursor peptides are

acted upon by endopeptidases and ET-converting enzymes to produce mature ET peptides. These ET peptides act on
G-protein—coupled receptors on endothelial and smooth muscle cells. Interaction of ET witbdeptor on endothelial cells
leads to increased nitric oxide synthase expression and nitric oxide production. Nitric oxide has an inhibitory effect on ET
transcription. In addition, nitric oxide can increase soluble guanylate cyclase activity in smooth muscle cells. Activated guanylate
cyclase leads to increases in cGMP and a reduction in intracellufar,@asulting in vasodilation. ETs can also activate
phospholipase C (PLC) in smooth muscle cells via G-protein—coupl@EETg receptors. Activation of PLC increases
hydrolysis of phosphatidylinositol-4,5-bisphosphate @PtB release 2 second messengers, 1,2-diacylglycerol (DAG) and
1,4,5-inositol trisphosphate R DAG activates PKC and Hincreases intracellular calcium. Elevated intracellular calcium
leads to myosin kinase phosphorylation and results in contraction. ETs can also regulate the activiti+Hof &da@hanger
and Na ,K*-ATPase on smooth muscle cell surface.
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alteration of other vasoactive factors. We will briefly discuss th@n of NO synthesis requires NADPH, which may resultin ET
mechanisms of these factors leading to ET alteration in diabetep-regulation.

PKC Activation Nonenzymatic Glycation

- . . Nonenzymatic glycation and generation of advanced gly-
PKC activation assumes a central role in hyperglycemia- y gy g gy

. . . . cated end (AGE) products has been demonstrated as an im-
induced vascular disorders. High glucose concentrations can ( ) p

. . . - ortant factor in the pathogenesis of chronic diabetic compli-
induce the production of diacylglycerol and activation of PK Cations [43, 55-57]. Glucose, fructose, and the product of the

[39-41]. PKC activation has been implicated in hyperglycemia- tose phosphate pathway may participate in nonenzymatic

induced vascular permeability and flow changes, expansion ?ycation [56-58]. AGEs and the reactive intermediates may

extracellular matn)f, and in the product_lon of va_nous grovvt ave widespread biological actions [55-59]. AGEs may further
factors and cytokines [42-48]. One isoform in particular L .
. . . Ihcrease oxidative stress and endothelial damage [55-59]. Ex-
PKC8, has been shown to be activated in all tissues affecte - . . .
. L .. ogenous administration of superoxide dismutase has been shown
by chronic diabetes. PKC activation also leads to activation 0 . . .
. . . . to reduce hyperglycemia-induced endothelial permeability and
phospholipase A and production of arachidonic acid metabo- . ) .
. o . . . accompanying vascular dysfunction [59-62]. In addition, AGEs
lites. Furthermore, PKC activation can resultin the mpawmeggn form cross-links with collagen in the extracellular matrix
of Nat,K*-ATPase and endothelial damage [49, 50]. Studies on . . g . '
. ) . reduce arterial compliance, and alter gene expression of several
PKC activation and ETs have suggested an interaction between . i -
important intracellular molecules [55-57]. Aminoguanidine, a
the 2 factors. We and others have demonstrated that endothelial ..~ " A .
ecific inhibitor of nonenzymatic glycation, has been shown to

cells exposed to ET-1 or phorbol 12-myristate 13-acetate (PMAY}, ;o development of retinopathy in diabetic dogs [63—65].

(a potent PKC activator) show similar permeability changes as Several receptors for AGE have been identified. Both AGEs

seen in hyperglycemia [42]. These changes are prevented whe . . )
ypergly . [42] g. P S anBthelrreceptors have beenlocalized to the target organs of dia-
cells are treated with ET receptor antagonists or PKC inhibitors. .. .
L etic complications [55-57]. These receptors are found on many

Furthermore, structural changes, such as F-actin mlcrofllamen} . . . .
. cells, including endothelial and smooth muscle cells. Interaction
assembly secondary to glucose, ET-1, or PKC activation, arF . : . .
also ameliorated by respective inhibition [42] of AGEs with these receptors leads to mitogen activated protein
yresp ' kinase (MAPK) kinase signaling and nuclear factor kappa B

(NF-xB) activation. AGE-mediated NkB activation has been

Polyol Pathway and Redox State shown to increase ET-1 expression [66]. Activation of NE-

Early experiments aimed toward elucidating the mechangecondary to nonenzymatic glycation has also been linked to
tic basis of chronic diabetic complications focused on sorbitegduced NO, which would positively affect ET expression [67].
accumulation and accompanying cellular damage. Glucose is
converted to sorbitol via augmented polyol pathway. The eNitric Oxide and Oxidative Stress
zyme responsible, aldose reductase, has been shown to be uiNO is a potent vasodilator formed fromarginine by NO
regulated in all tissues affected by chronic diabetic complicaynthase (NOS) [68]. This enzyme has 2 major isoforms,
tions [43, 51]. Increased intracellular concentrations of sorbitoalcium-calmodulin—~dependent endothelial NOS (also called
can cause osmotic changes, cell swelling, and abnormalitie®MNOS) and calcium-calmodulin—independent inducible NOS
myoinositol metabolism and can lead to impairment of Ma™-  (also called INOS). eNOS is expressed constitutively in endothe-
ATPase. Aldose reductase inhibition has been shown to previaitcells and some other cells, whereas iNOS is only expressed
hyperglycemia-induced damage in diabetic retinopathy, neuhen cells are stimulated by various factors [69—71]. NO re-
ropathy, and nephropathy to some extent [52, 53]. The mecleased from endothelial cells acts on smooth muscle cells to
nism by which aldose reductase inhibition prevents developmémtrease intracellular cGMP and cAMP. The result of this in-
of vascular complications is not fully understood. Aldose reducrease in cGMP and cAMP is decreased calcium, probably via
tase requires NADPH for the conversion of glucose to sorbitd@fflux, and dephosphorylation of myosin light chains [72]. En-
Sorbitol is then converted to fructose by sorbitol dehydrogeethelial dysfunction is characterized by the imbalance between
nase. The latter step requires NADeduction for the enzy- contracting and relaxing factors. The mechanism of glucose-
matic conversion. This suggests that an imbalance in the redogdiated endothelial dysfunction is not fully understood, but
state, that is, altered NADH:NAD and NADPH:NADP mightevidence indicates increased ET production and impaired NO
cause endothelial dysfunction secondary to increased aldosemay contribute significantly in this abnormality [73—77]. There
ductase activity [43, 51, 54]. Interestingly, depleted NADPIi a negative interaction between NO and ET, thereby a reduction
may also lead to reduced NO production as the enzymatic reacNO leads to increased ET expression.
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Generation of free radicals due to glucose autoxidatic (Hyperglycemia )

may also damage proteins [78]. Various lipoxygenase enzym [im q AGE] Odeatve Srems)
activated in hyperglycemia may interact with NO, forming per | DAG/PKC,

oxynitrate and hydroxyl radicals [79, 80]. Augmented mitochon m/ NF

drial production of superoxide ions secondary to hyperglycem

has recently been proposed as a unifying initiating mechanis 1 BT ——v

[81, 82]. Increased superoxide ions may inhibit the glycolytlcerw
zyme glyceraldehyde-3-phosphate dehydrogenase (GAPDI

Smooth muscle cell
proliferation
hence excess glucose is deviated to avenues of metabolis Wﬂ
. . . protein .
leading to the activation of PKC, augmented polyol pathwa — Alteration of other
. ] - Vasoconstriction ¢ vasoactive factors

generation of methyl glyoxal, and AGE formation, as well a:

increased flux through hexosamine pathway [81, 82]. In sevel Basement membrane thickenin,

g
' ' Mesangial matrix expansion J Effects
. . . _Bl d Iterat
cell types, overexpression of superoxide dismutase (SOD) ho ‘=2 flow elteration

been shown to prevent specific glucose-induced abnormalities FIGURE 2

[81, 83, 84]. Furthermore, in transgenic mice overexpressingiechanism and consequences of ET alteration in diabetes. A
MnSOD, diabetes-induced lesions were prevented [81].  schematic outline of various hyperglycemia-induced pathways
leading to increases in ET levels (upper half of figure). Some
Other Factors of the major effects of increased ET levels are also presented
Increased vascular permeability is one of the characteristic (shown in italics; lower half of the figure).
features of endothelial dysfunction. This permeability alteration
is due to the expression of vascular endothelial growth factigally ofimportance in insulin resistance, are ET-1 up-regulators
(VEGF), which has been demonstrated in diabetes [85-9[85, 96]. We and others have demonstrated that in endothelial
VEGF is a member of a large family of proteins, with 5 isoeells and in several target organs of diabetic complications, ETs
forms generated by alternative splicing [91, 92]. The mechanisare up-regulated [97—104]. Studies in human diabetes with re-
by which VEGF carries out the permeability and proliferativepect to serum ET levels have shown a widespread variation,
changes seems to involve PKC [89]. Various vasoactive peptidasging from increased to unchanged to decreased [105-114].
can also induce VEGF production [47]. VEGF activates 1,4,%everal factors may be responsible for such discrepancy. How-
inositol triphosphate (B) kinase and phospholipase C gammaver, as ETs act as autocrine and paracrine factors, plasma levels
(PLCy). Activation of PLC/ increases 1,2-diacylglycerolmay not be a good indicator of their biological activity [115,
(DAG) and activates PK& and PCK3. Oral administration of 116]. Increased ETs may lead to increased vascular permeabil-
PKC inhibitors, specifically PK@, prevents VEGF-mediated ity and altered of blood flow [42]. In addition, increased ET lev-
retinal permeability and endothelial proliferation [89]. ETs arels may contribute greatly to hypertension in diabetics. Studies
probably also important in mediating glucose-induced increaseshducted to determine the role of ETs in essential hyperten-
permeability [42]. We and others have demonstrated that VEGI®n have shown inconsistent data. However, there does seem to
may further increase ET expression in endothelial cells of the a positive association between the 2 factors [117]. ETs may
diabetic rat retina [42]. also lead to increased ECM protein production in diabetes via
A large number of studies indicate the role of angiotensartivation of transcription factors NEB and activated protein
in the development of diabetic micro- and macrovasculopatippP-1) [118, 119]. Furthermore, they may potentially play im-
Angiotensin Il has mitogenic effects on smooth muscle celportant roles in angiogenesis [120-122]. Some of the major ef-
and can lead to increased extracellular matrix (ECM) proteiacts of ET alteration in diabetes are outlined in Figure 2. We will
synthesis by these cells [93]. Recent reports indicate that thdiecuss the role of ETs in specific diabetic complications below.
might be an interaction between the renin-angiotensin pathway
and the ET system [94]. In vitro studies have demonstrated gfJABETIC RETINOPATHY
angiotensin ll-mediated increase in ET expression [95].

Diabetes is the most important systemic disease causing
blindness [123, 124]. Diabetic retinopathy is classified in var-
PATHOPHYSIOLOGICAL ROLE OF ETs ious progressive stages, namely, nonproliferative (background)
IN DIABETES retinopathy, preproliferative (severe or advanced background)

ET alteration, in diabetes, may lead to several functional angtinopathy, and proliferative retinopathy.
structural effects that are important in the development of sev- The retina is comprised of several tissue types, including
eral chronic complications. Both glucose and insulin, poteneural tissue with respective support cells and vascular tissue.
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Diabetic retinopathy predominantly affects the vascular compoeptor blockade with bosentan prevents the diabetes-induced
nents of the retina. Pathological changes in background diabetfzregulation of basement membrane proteins, fibronectin, and
retinopathy include capillary basement membrane thickenirmpllagen alpha-1 (IV) mRNA, as well as increased capillary
pericyte loss, microaneurysms, acellular capillaries, increadeasement membrane thickening in both glycemic and galac-
capillary permeability with exudate deposits, and retinal miesemic animals [119]. Recently, we have further demonstrated
croinfarcts. In advanced proliferative retinopathy, neovasculdhat diabetes-induced increased ECM protein production works
ization develops with its devastating consequences. ETs hawough NF«B and AP-1 activation [118]. NkB activation
demonstrated an effect on both vascular and neural tissue caauld also act as a mechanism of ET-1 up-regulation [66].
ponents in the retina [115, 116]. Due to the multifactorial na- Along with the direct actions, ETs show widespread inter-
ture of the pathogenesis of diabetic retinopathy, ETs can &etions with other vasoactive peptides, modulating their effects
up-regulated and further interact with a variety of other factoesd vice versa. ET mRNA levels can be up-regulated through
to produce pathological changes [125, 126]. the actions of thrombin, transforming growth fac (I GF-8),
Although ETs are believed to work in an autocrine anihterleukin-1, epinephrine, angiotensin Il, metallothionein, and
paracrine manner, human type 1 diabetes has demonstrated kasfopressin [31, 36, 149-151]. Furthermore, we have demon-
decreased [127, 128] and increased [108, 114, 129] plasma EStrhted a costimulatory interaction between VEGF and ETs in
levels. Patients with type 2 diabetes have demonstrated increasgtlred endothelial cells, as well as ET-1 up-regulation by NO
[109,111,130]and unchanged[131, 132] plasma levels. Positimtibition [42]. Interestingly, in the retinas of short-term diabetic
correlations between increased ET-1 levels and microangiopaimals, increases in resistivity index can be corrected with the
thy have been demonstrated [109, 110, 133-135]. Furthermarse of an ET blocker [101], a VEGF signal antagonist [152],
plasma ET-1 levels can be returned to normal levels in the di@-a Na /H* exchanger-1 (NHE-1) antagonist [91]. Although
betic rats by restoring metabolic control [98]. VEGF antagonism increased iNOS mRNA expression, NHE-1
The 2 ET isoforms expressed by the retina are ET-1 abtbckade reduced ET-1 mRNA expression in these animals [152,
ET-3. In the retina, ETs have been demonstrated to localizelif3], suggesting that several interactive molecules may indeed
the optic nerve, vascular and extravascular sites of the retina, &iedesponsible for the control of vascular tone in the retina.
the uveal tract [101, 102, 135]. Increased mRNA and protein ex- The present data would suggest that ETs may play an impor-
pression of the 2 proteins have been produced in animal diabeted role in the pathogenesis of diabetic retinopathy by altering
[102, 136, 137]. Expression of the receptor isoformsy, Bhd blood flow, increasing vascular permeability, increasing ECM
ETg, have demonstrated mixed results, depending upon the fisetein synthesis, and basement membrane thickening via the
sue preparations. If the neural retina is isolated alone, the lewelschanisms stated above. ETs may work in conjunction with
appear to decrease and then increase [137]. If both neural atiter factors in mediating these effects. Recently, ETs have
vascular components are analyzed, then receptor levels apfesn implicated in the pathogenesis of proliferative diabetic
toincrease [101, 136—138]. ETs can modulate the vascular taaénopathy [154]. However, such role for ETs needs further
of blood vessels, depending upon the concentration. At low cdnvestigation.
centrations, ETs cause vasodilation, and at high concentrations,
vasoconstriction [139-143]. The vasodilation is mediated by the
binding of ET-1 and ET-3 to the ETreceptor. Subsequently, NEPHROPATHY
through a G-protein—mediated pathway, NO or prostacyclins Diabetic nephropathy affects approximately 30% of type 1
are released by endothelial cells [15, 144-147]. The vasocaliabetic patients [155, 156]. Diabetes remains the most im-
striction is mediated through ET-1 binding with ETeceptors portant cause of renal failure in industrialized countries [157].
located on smooth muscle cells [14, 15, 147, 148]. Our owslomerular hyperfiltration leading to microalbuminuria is the
research has demonstrated a significant up-regulation of E®drliest clinical marker of this disease. With progression of re-
and ET-3 in conjunction with increased resistivity index, in theal damage, patients develop macroalbuminuria and reduced
retina of 4-week streptozotocin (STZ)-induced diabetic animagdomerular filtration rate [155-157].
[101]. The resistivity index is an indirect measurement of retinal Pathological features of diabetic nephropathy include mesan-
vasoconstriction. In short- term diabetes, increased resistivity giial matrix expansion, thickening of glomerular capillary base-
dex was corrected by treatment with a dual ET receptor blockerent membrane, and tubulointerstitial fibrosis. In earlier stages,
bosentan. However, in longer term diabetes, such vasoconsthiowever, there is renal enlargement due to cellular hyper-
tion was not present [101]. trophy affecting both the glomeruli and tubules. Eventually,
ETs possess mitogenic properties and may regulate EGe glomerular filtration rates continue to decline and the pa-
protein synthesis [116]. Our research has illustrated that ET tents develop arteriolosclerosis and glomerulosclerosis with
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obliteration of the filtration area due to increased production adéhbetes and galactose feeding—induced increases in ECM pro-
decreased degradation of ECM proteins. In the later stagesn mRNA expression, glomerular basement membrane thick-
patients develop characteristic nodular accumulation of extening, and mesangial matrix expansion are prevented by bosen-
cellular matrix proteins, that is, Kimmelstiel-Wilson nodulesan treatment [165]. We have further demonstrated that glucose-
[157-161]. Clinically, overt nephropathy manifests as proteimduced, ET-mediated increased ECM protein fibronectin syn-
uria in the nephrotic range, hypertension, and other featutbgsis is mediated via transcription factors KNB-and AP-1
of renal failure. It has been demonstrated that, similar to oth@ri8].
chronic complications, a high blood glucose level is the ini- Diabetic nephropathy seems to occur as a result of inter-
tiating factor leading to the development of renal damage attive metabolic factors secondary to hyperglycemia. Several
diabetes [162, 163]. Furthermore, it has been demonstrated thiathemical abnormalities acting secondary to hyperhexosemia
good glucose control may even reverse the structural changesy lead to augmented ET expression in the kidneys. ETs, by
in the kidneys [162]. Another risk factor in the progression ofirtue of the modulation of blood flow as well as ECM protein
nephropathy is coexisting systemic hypertension, which leadsa@duction, are of importance in diabetic nephropathy. PKC ac-
high intraglomerular hypertension and hyperfiltration, promotivation secondary to hyperglycemia may be one of the factors
ing further tissue destruction and sclerosis [163]. up-regulating ET-1 mRNA expression. ET-1, on the other hand,

In the kidney, both ET-1 and ET-3 show widespread tissuga PKC stimulator [116, 136]. TGB-n recent years has been
distribution. ETs are expressed in the endothelium, epitheliuestablished as one major factor producing renal lesions in dia-
mesangium, the glomeruli, the tubular epithelium, and the cdietes [161]. PKC-dependent factors, such as JGEan act as
lecting ducts and vasa recta [164, 165]. ET binding sites haar ET-1 stimulator and may play a significant role in ET alter-
been localized in these cells and in the interstitial cells. Froation [116, 164]. It has been demonstrated that Bkhibition
a physiological perspective, ETs have roles in the regulationrefsults in the prevention of ECM protein synthesis and T&GF-
renal blood flow, glomerular filtration, and sodium and watgroduction in the kidney [170]. We have previously demon-
reabsorption [116, 164]. strated that general PKC inhibition or Pig@nhhibition prevents

In the kidney of diabetic rats, increased ET-1 mRNA and irthe high glucose—induced increased permeability and ET-1 ex-
creased renal ET-1 clearance in association with proteinuria passsion in endothelial cells [42]. ET-mediated increased ECM
been demonstrated [166]. Increased\E&ceptors are presentprotein production may represent one of the long-term effects
in the kidneys of diabetic rabbits [167]. Recent data from owf ET-1, possibly mediated via several kinases, including PKC,
laboratory has demonstrated that 1 month of diabetes caulsBSP kinase, and serine/threonine kinase, and transcription fac-
a significant increase in the mRNA expression of ET-1, ET-8rs, which warrant further investigations [115].
ETa, ETg, which remained elevated at 6 months of follow-
up. Galactose feeding, however, resulted in increaseddfitit. NEUROPATHY
ETg receptor mMRNA expression at 1 month, which was accom- Both the somatic and autonomic nervous system can be af-
panied by ET-1 and ET-3 mRNA up-regulation at 6 monthgected by diabetes, causing a variety of symptoms. Diabetes is a
These results suggest differential activation of the componentgjor cause of peripheral neuropathy in the western world [171].
of ET systemin diabetes and following galactose feeding. Nevét-significant number (60% to 70%) of diabetic patients show
theless, in both animal models, glucose-induced, ET-mediatatiable degrees of nerve damage. At the severe end of the spec-
microalbuminuria was prevented by treatment with bosent&m, diabetic nerve disease is a major cause of lower extremity
[165]. amputation [162]. Broadly, diabetic neuropathy can be classi-

The long-term consequences of ET peptides may involve ced as mononeuropathies or polyneuropathies. The mononeu-
lular changes requiring differential gene expression and maypathies may affect peripheral or cranial nerves and can in-
contribute to long-term nuclear signaling [164]. Previous studelve single nerves or may affect multiple nerves (mononeuritis
ies have implicated ETs in having a regulatory link with thenultiplex) [171, 172]. Sensory, motor, or autonomic nervous
components of the ECM, because rat mesangial cells shoveydtems may be affected by polyneuropathies. Chronic sensori-
that ET-1 can increase the production of ECM components sutiotor polyneuropathy is the most common type of neuropathy.
as laminin and collagen al (V) [168]. Furthermore, diabetel-is manifested as progressive gloves and stocking anesthesia,
induced increased expression of glomerularal(l), al(lll), al(l\garesthesia, or hyperasthesia, impaired balance, proprioception,
collagen, laminin B1 and B2, tumor necrosis faatgplatelet- and vibration. Although motor weakness is not pronounced,
derived growth factor, TGI8, and basic fibroblast growth fac-wasting of small muscle and loss of reflex activity are mani-
tor can be completely blocked by treatment with amE®- fested. Foot ulceration and other neuropathic changes may sub-
ceptor antagonist [169]. We have recently demonstrated tlsauently develop. Impaired nerve conduction velocity is a key
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electrophysiological feature of diabetic neuropathy. Autonomiadications for amputation in individuals with type 1 and type 2
neuropathy may produce gastrointestinal or urological motiiabetes. The progression of LEAD in diabetes is compounded
ity problems and postural hypotension [171, 172]. Acute sehy such comorbidity as peripheral neuropathy and insensitivity
sory neuropathy, although a painful condition, usually leads ¢d the feet and lower extremities to pain and trauma [184].
complete recovery. Proximal motor neuropathies, also known asAlterations of the plasma ET-1 levels have been demonstrated
amyotrophy, are manifested as acute onset of pain and weakneseveral diseases associated with endothelial dysfunction, that
of proximal muscles. is, diabetes, hypertension, and atherosclerosis [185]. ET-1 is re-
Impaired activity of PKC and NaK*-ATPase as a result leased by endothelial cells and causes phenotypic modulation of
of reduced phosphoinositide metabolism in the peripheral netbe vascular smooth muscle cells from contractile type to syn-
has been demonstrated in diabetes [173]. This is in sharp contthstic type [186]. ET-1 also causes intimal vasodilation by activa-
to the retinal findings where activation of PKC has been estaiin of ETg receptors on endothelial cells [187]. In addition to its
lished [43, 44]. These data indicate that pathogenetic pathwagsoconstrictor properties, ET-1 is a potent mitogen and induces
may be influenced by the tissue microenvironment in hyparascular smooth muscle cell proliferation and medial thickening.
glycemia and may vary in target organs of diabetic complicdhe importance of ET-1 in diabetes-associated vascular hyper-
tions. Although peripheral nerves from diabetic animals shanophy was initially suggested by studies reporting an increased
reduced DAG levels [173-175], PKC inhibitors preventelease of this peptide from mesenteric vessels in diabetic rats
diabetes-induced reduced neuronaltN& -ATPase activity [188], as well as in type 2 diabetic patients with atheroscle-
[176]. Itis possible that impaired phosphoinositide metabolismgtic macro- and microvascular diseases [189]. Recent studies
in the peripheral nerves in diabetes, may influence ET-mediateave demonstrated increased ET-1 expression in the endothe-
signal transduction [177]. In addition, reduced NO productiofium, adventitia, and the media of diabetic mesenteric vessels in
as demonstrated in the vasculature of the peripheral nerveras [190] and in type 2 diabetic patients with macroangiopathy
diabetes, may also lead to increased ET synthesis [178]. HJd&91]. High levels of plasma ET-1 were also demonstrated in
ever, these notions need confirmation by specific experimertigoe 2 diabetic patients with atherosclerosis [134].
Reduced endoneurial blood flow and nerve conduction veloc- Although the expression of prepro ET-1 mRNA was signifi-
ity deficit in the STZ-induced diabetic rats were prevented byaantly enhanced in aortas from STZ-induced diabetic rats, some
specific ETy antagonist and by blockade of both £&nd ETz  investigators demonstrated that the contractile response of the
receptors [104, 179]. We have demonstrated that immunoreaorta to ET-1 was weaker in STZ-induced diabetic rats than in
tivity of ET-1 and ET-3 is increased in the peripheral nerve inondiabetic controls, in association with a down-regulation of
diabetes [180]. The predominant effect of ET-1 in neuropatiyT receptors. Impaired ET-induced signal transduction mech-
may be mediated via the vascular consequences. Recently, itéwsisms are suggested to be present in these animals [192]. In
further been shown that susceptibility to ET-induced multifocalddition to the direct effect of ETs, there are several interac-
ischemic damage of the peripheral nerves in diabetic animaldiens between various neurohormonal pathways, including the
much greater compared to nondiabetic animals [181]. No datanin-angiotensin system and ET. In a nondiabetic model, it has
however, are yet available that demonstrate the effects of B&éen demonstrated that angiotensin ll-induced vascular hyper-
blockade on later changes in diabetic neuropathy such as ndrephy can be attenuated by ET receptor antagonism [193, 194].

fiber loss. ETs may also have roles in mediating increased noradrenaline-
mediated vasoconstriction in the aorta and mesenteric vessels
MACROANGIOPATHY of diabetic rats [94]. Furthermore, hyperinsulinemia in the con-

Among the diabetic complications, macroangiopathy is tfigXt of insulin resistance may further augment ET-1 action, as
major cause of mortality in diabetic patients. Type 2 didnsulin is a stlmulatpr of.ET-l production, leading to further
betes mellitus is one independent risk factor for atherosclero§f§00th muscle proliferation [116, 164]. The present data sug-
along with hyperlipidemia, hypertension, and smoking. Cor@©St that ETs may play an important role in the pathogenesis
nary atherosclerosis leading to myocardial infarction is a lea@ diabetic macroangiopathy by influencing smooth muscle cell
ing cause of death in the diabetic population [182]. In type 1 afifenotype and functional properties. Further well-designed ex-
type 2 diabetic patients, carotid stenosis secondary to an incredggmental and clinical investigations are necessary to establish
intimal and medial wall thickness has been associated with $}§ €xact mechanisms.

increased risk of stroke. Furthermore, a direct relationship be-

tween carotid artery wall thickness and blood glucose levelsGARDIOMYOPATHY

diabetic patients has been noted [183]. Lower extremity arterial Cardiac affection in diabetes may occur due to the conse-
disease (LEAD) has been considered to be among the majoences of coronary artery disease, autonomic neuropathy, and
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diabetic cardiomyopathy, either alone or in combination. Pi43, 44, 50]. However, several other factors may also be involved
mary affection of cardiomyocytes in diabetes, that is, diabetic the up-regulation of ET-1 expression in diabetes. ET-1 inter-
cardiomyopathy, can act as an independent factor affecting tiets with other potent vasoactive substances, such as NO and
cardiac structure and function and may also modulate prognd=GF [211-214]. Increased VEGF in diabetes may also lead
sis of other complications such as ischemic heart disease [1&@bincreased ET-1 expression [42]. On the other hand, nonen-
196]. It was demonstrated that diabetic patients had larger megmatic glycation and oxidative stress reduces NO production
diameters of ventricular myocardial cells and higher percerit diabetes, which in turn increases ET-1 expression [79]. We
age of interstitial fibrosis than control subjects. Morphologicdlave recently demonstrated that diabetes-induced reduction in
changes in diabetic cardiomyopathy include myocyte hypertidOS expression and NO activity in the heart may be corrected
phy and/or necrosis, interstitial and perivascular fibrosis, abg treatment with bosentan [215].

capillary basement membrane thickening [196, 197]. Functional

abnormalities involve both the systolic and diastolic propertigSONCLUSION

of the myocardium, such as impaired relaxation, reduced com-gyidence gathered so far indicates that pathogenetic mech-
pliance with elevated end-diastolic pressure, cardiac hypertisisms leading to chronic diabetic complications are complex.
phy, and chamber dilatation [197, 198]. Several factors may be simultaneously activated in response to
ETs play important roles in several cardiovascular diseasﬁ?perglycemia, and an intricate interplay occurs among such
including diabetic cardiomyopathy, by modulating functionghors. Furthermore, tissue-specific variations exist due to the
properties of cardiomyocytes and the microvasculature [10Q}q,ence of the tissue microenvironment. This concept further
In the heart, both cardiomyocytes and endothelial cells prggp|ains prevention and/or delay of chronic diabetic complica-
duce ET-1. Cardiac myocytes have high ET-1 binding affinifyons with good blood glucose control and failure of adjuvant
sites [199-202]. ET-1 produces pronounced positive inotroRigaments that block a single pathway, such as aldose reduc-
and chronotropic effects on the heart [197-204]. A duratiopsse inhibition in clinical trials [216, 217]. ETs, due to their
dependent alteration of chronotropic and inotropic responsggjespread tissue distribution, multiple functional capabilities,
of ET-1 was demonstrated in the isolated atria of the diabefifq ajteration in the target organs of diabetic complications, may
rat [205]. Short-term hyperglycemia increased the expressigy significant roles as effector molecules in chronic diabetic
of prepro ET-1 in the heart of STZ-diabetic rats [206-209]. Wgsmplications. Abnormal metabolic pathways secondary to hy-
have demonstrated a significant up-regulation of ET-1 and E herglycemia, such as PKC activation, nonenzymatic glycation,
and ETg receptor mRNA expression, as well as increased Eiqative damage, as well as augmented polyol pathway may,
immunoreactivity and ET receptor density in hearts of 6-monfR nart, directly or indirectly contribute to the alteration of ETs.
diabetic rats [100]. These changes were associated with fog8ls may further affect activity of other vasoactive factors. Ev-
apoptosis of cardiomyocytes, scarring of the myocardium, apfbnces gathered from multiple animal experiments in several
increased fibronectin and collagen al(lV) mRNA expressiopyoratories, indeed, indicate that ETs are important in the patho-
Furthermore, such diabetes-induced abnormalities were Cjnesis of several chronic diabetic complications. ET antago-
pletely prevented by bosentan [100]. In humans, high plasfigm may be a potential therapeutic modality in the treatment of
levels of ET-1 is thought to play an important role in the pathQsonic diabetic complications, such as retinopathy, nephropa-
genesis of diastolic dysfunction in diabetic patients with cardiqﬁy, neuropathy, and cardiovascular complications. These data,
autonomic neuropathy [207] . It has been further demonstratgdlyever, have to be further confirmed by additional long-term

that reperfusion following cardioplegia during coronary arteryy,dies in experimental animals as well as by thorough well-
bypass grafting procedure can trigger the release of ET-1 in d&%‘signed clinical trials.

betic patients [208], which may further contribute to significant
cardiovascular demise in diabetic patients. Iﬁ FERENCES
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